Abstract Nondiffracting Bessel beams have been recently applied to single shot ultrafast laser processing of high aspect ratio nanochannels. We review the principles and benefits of nondiffracting Bessel beams for material processing, and we compare experimental results with numerical simulations. We show how the stationarity of nonlinear propagation of ultrafast laser pulses allows high aspect ratio material processing.
Introduction
Nondiffracting beams such as Bessel beams beams exhibit a near constant intensity profile along the propagation [1] . Since the intensity maximum is strongly localized over a distance that exceeds the Rayleigh range of Gaussian beams by orders of magnitude, they have attracted a tremendous interest in both linear and nonlinear optics. These beams have been successfully used in the field of all-optical manipulation, and their unique properties of self-reconstruction and stability under nonlinear propagation in dielectrics have made them ideal candidates for highly localized and controlled energy deposition in transparent materials [2] [3] [4] [5] [6] .
Our motivation here is to show how they can be applied to the field of femtosecond laser processing [7] [8] [9] , with a particular interest in the fabrication of high aspect ratio channels for micro/nanofluidics and 2D photonic crystals. Indeed, deep nanochannel processing is at present a key technological issue for these important application fields and the existing technologies for material nanoprocessing such as FIB milling or DRIE are not well suited to high aspect ratio (>10:1) nanoprocessing. However, although high aspect ratio material processing with Bessel beams has already been experimentally demonstrated, numerical simulations at ablation-level intensities have not been reported to our knowledge. Here, Send offprint requests to: francois.courvoisier@femto-st.fr we compare experimental results with standard optical nonlinear propagation simulations. Specifically, we show how stationarity of the nonlinear propagation depends on the specific ionization processes. We also demonstrate that the robustness of Bessel beams allows the point by point drilling of a periodic lattice of nanochannels without modifying the size of the Bessel central core.
Nondiffracting Bessel beams
Bessel beams are solutions to the paraxial wave equation with a propagation invariant profile. However, the propagation invariance property can be maintained over infinite distances only for infinite energy beams. In practice, a good approximation is given by Bessel-Gauss beams [10] .For simplicity here, zero-order Bessel-Gauss beams beams will be referred to as Bessel beams.
Bessel beams can be viewed as a rotationally symmetric interference of plane waves whose wavevectors lie on a cone. Figure 1 shows the intensity profile of a Bessel beam : a high intensity central core is surrounded by several circular lobes of lower intensity. A standard Bessel-Gauss beam is determined by two independant parameters: the conical angle, that is the angle θ made by the wavevectors with the optical axis, which determines the size of the lobes, and the waist of the initial Gaussian beam, that determines the length of the Bessel beam, as can be seen on figure 1.
Many ways exist to produce Bessel beams, but all need to apply spatially a linear phase with rotational symmetry. We can divide Bessel beam generation in two broad families: one is the direct generation with an axicon lens or a spatial light modulator (SLM) [7, 11] , the second is based on Fourier-transforming an annular intensity distribution by use of a lens [12] . Obviously, since the first family is based on spatial phase shaping while the second is amplitude shaping, it is generally preferred to use axicons and SLM for femtosecond laser ablation. Spatial shaping with SLMs provides flexibility, and on- axis intensity engineering has been demonstrated to produce Bessel beams with a constant intensity in the central core along the propagation [12] .
Several properties of Bessel beams are advantageous to the field of laser ablation. Specifically, since the intensity is highly localized over a distance that exceeds the Rayleigh range by orders of magnitude, it is possible to realize surface processing on non-flat samples and remove the constraint of sample positioning towards the laser focus that is critical to realize nanometric damages [7, 13, 14] . Moreover, the self-healing property of nondiffracting beams allows avoidance of beam perturbation by obstructions or particles in the beam path.
We note that processing with Bessel beams has been performed on metals, but the linear absorption of light prevents the drilling of deep structures [15] . This approach is better suited to dielectrics [8, 9, 16] .
The strong dynamical interplay between light and matter during the propagation of ultrafast laser pulses at ablation-level intensity leads to a high degree of spatiotemporal distorsion of Gaussian shaped pulses [17] , which renders the drilling of high-aspect ratio channels challenging [18] [19] [20] . In contrast, Bessel beams are resistant to the Kerr effect and nonlinear losses even at 100 critical powers [5] . This latter property has been numerically and experimentally tested for low plasma densities and small conical angles. Here we will numerically investigate the regime of high conical angles and plasma densities close to the critical densities for material damage and ablation.
Single shot nanochannel processing with Bessel beams
The experimental setup for micro and nano-channel processing with Bessel beam is described in details in references [7, 9] . Briefly, individual femtosecond laser pulses from an amplified Ti:Sapphire source at 800 nm central wavelength are reflected on a spatial light modulator (SLM, Hamamatsu PAL-SLM) and shaped to a Bessel beam that is spatially filtered and demagnified by a factor 278. This setup realizes the exact demagnified image of the SLM on the image focal plane of a microscope objective, this image plays the role of a virtual axicon illuminated by a Gaussian beam with waist ∼ 10µm. A micro-Bessel beam is then generated from the focal plane of a microscope objective with a conical angle of 25
• in air (17 • in glass), and the central lobe of the Bessel beam is 660 nm in diameter FWHM. In the study presented here, we used Corning 0211 glass samples with thickness 150µm. The pulse duration was measured ∼ 230 fs at the sample site.
The virtual axicon was imaged at a distance D from the exit side of the samples, chosen so that the beam extends up to the exit side. After single shot illumination, the samples were cleaved, metallized and imaged with Scanning Electron Microscopy (SEM) without mechanical nor chemical cleaning. Figure 1(b) and (c) show the result for pulse energies of 0.65µJ and 0.85µJ. Remarkably, the diameter of the nanochannels thus produced varies extremely slowly along the longitudinal dimension, and their aspect ratio was measured to be as high as 100:1. The uniformity of the diameter therefore suggests that the nonlinear propagation is close to invariant. In the following, we compare our experimental results to numerical simulations.
Numerical model
To simulate the nonlinear propagation of femtsecond pulses in air and glass, we used a standard model based on the nonlinear Schrödinger equation (NLSE) to model the evolution of the scalar electric field [5, 21] :
hal-00845925, version 1 -18 Jul 2013 
where t = t lab − z/v g corresponds to the co-moving time and the material parameters are explicited in Table 1 . The evolution of the free electron-hole plasma is governed by:
The electron Brehmsstrahlung cross-section is defined within the Drude model as σ = kω 0 τ c /n . In this numerical model, self-steepening was neglected, and we note that the main influence on the propagation is due to the contribution of plasma. Since most of the material constants are not tabulated for Corning 0211 glass, we have chosen the constants for BK7 since the bandgaps of these material are very close [23] .
The initial pulse at the virtual axicon position z = 0 is a pulsed Bessel beam [5] :
(3) This pulse shape was linearly back-propagated to z = −70µm before being launched in the nonlinear propagation regime. The numerical integration is based on a split-step Fourier algorithm for equation (1) and fourth order Runge-Kutta algorithm for equation (2) . Details of the modelling can be found in reference [24] .
5 Single shot Nanochannel processing with Bessel beams Figure 2 compares the distribution of the fluence in a plane containing the optical propagation axis z and the transverse direction r (a) in the purely linear regime to the maximal free-electron density distribution ρ(r, z) for a 0.65µJ, 230fs laser pulse with pure nonlinear losses (b) and with nonlinear losses and avalanche terms (c) in Fig. 2 Simulation of the propagation of a 0.65µJ pulse with geometrical characteristics identical to the experimental ones (cf Fig.1 (b) ). equation (2) . Note that the order of magnitudes differ in the colorscale between (b) and (c): the plasma density with avalanche is ten times larger in the central region.
It is apparent that a dense (> 10 20 e − /cm 3 ) free electron plasma channel that is produced and the peak is confined within less than 1µm FWHM in the transverse direction. As predicted by the model of Porras et al [4] , a model with pure nonlinear losses, without avalanche term, generates a plasma channel that is invariant in the longitudinal direction. The stationarity of the Bessel beam propagation arises from the conical structure of the beam. Indeed, as can be qualitatively understood from figure 1(a) , the field amplitude contained in the outer lobes at a propagation distance z contributes to the intensity in the central core at further propagation distance. The confinement of the plasma density distribution within the central lobe of the Bessel beam therefore leaves the outer lobes unaffected, allowing the buildup of a high intensity peak and plasma density in the central lobe at further propagation distance. We observe however that the avalanche term reduces the plasma density confinement through the generation of more free electron plasma out of the Bessel beam central core. In addition, we observe the effect of intensity clamping (not shown) when the energy per pulse is increased. Noticeably, the plasma channel can exceed the critical plasma density. This is attributed to the fact that the diameter of the plasma channel is smaller than the characteristic absorption length of the plasma at critical density (∼ 1µm).
We note that the length and invariance of the plasma channel are in qualitative agreement with our experimental results. However, our numerical results strongly depend on the exact value of the avalanche coefficient. Moreover, in our experimental results, no damage can be correlated to a high plasma density peak as the one that is generated close to the onset of the Bessel beam (z = 0), which indicates that the avalanche coefficient may be overestimated.
Another important characteristic of the propagation of non-diffracting Bessel beams is shown in Figure 2(d) . It presents the intensity distribution in space-time coordinates (r, t) at two different positions z = 10µm and z = 25µm for the full model including avalanche. We observe that there is no qualitative difference in the pulse shapes in the nonlinear propagation, showing a close-tostationarity propagation, even in presence of avalanche. In contrast, ultrafast pulses with a spatially Gaussian profile in similar conditions would exhibit spatio-temporal pulse splitting and a much more complex propagation dynamics [17, 25] .Our results therefore qualitatively support the reason why the diameter of the channels drilled with Bessel beams is almost invariant along the channel length. Figure 1(d) shows the image of a through channel drilled by a single laser shot through a 43µm thick glass membrane, which demonstrates that through channel drilling is possible when the threshold intensity is exceeded on both sides of the sample. However, we note that the channel diameter is less uniform along the structure, which could arise from interface effects. However, a close comparison to numerical simulations requires more accurate modelling of the free electron plasma generation.
6 Variation of channel length and diameter Figure 3 recalls experimental results presented in reference [9] : we demonstrated that the diameter of the channels varies quasi-linearly with pulse energy, and that the length of the channels is linearly determined by the position of the virtual axicon in the sample.
We observe from our numerical results that the diameter over which the free electron plasma distribution exceeds ∼ 10 21 cm −3 is larger than the diameter of the drilled channel. More, this diameter increases when the conical angle is smaller (looser focusing). In contrast, we experimentally observed that for a given pulse energy, the plasma channel diameter decreases when the conical angle was reduced, as shown in Figure 3 (top). This shows, as expected, that the diameter of the channels is determined by the deposited energy density [9] .
In addition, we can observe on Figure 2 that the plasma density is negligible for longitudinal positions z < −5µm. It follows that the Bessel pulse propagation is unperturbed when the distance D to the exit side is linearly reduced or increased up to a distance of ∼ 5µm after the sample entrance side. This is in accordance with our experimental results showing that a linear translation of the virtual axicon does not affect the channel diameter, but only linearly varies the channel length.
Influence of previously drilled channels
The inset of figure 3 shows the profile of a square matrix of nanochannels drilled sequentially with obvious applications to nano-photonics or nano-phononics. It first demonstrates that the nanochannel drilling process is highly reproducible. However, it seems surprising that the influence of previously drilled N channels could be negligible on the propagation of the N + 1 laser pulse. Therefore, we numerically investigated the linear propagation of a Bessel pulse in glass where a half-space is composed by a 1.6µm-pitch square array of nanochannels (0.2µm diameter and 20µm length). Although accurate results should be obtained by using the nonlinear model presented above, the highly non-symmetric propagation medium renders the computation very demanding. For a qualitative comparison, we therefore chose a linear propagation model based on the numerical angular spectrum of plane waves approach. Figure 4 compares the intensity profiles at the onset of the channels (z = 5µm) and at the exit side of the sample (z = 25µm). The absorbers appear in white for reference. We observe that the beam profile is almost unperturbed. With a log-scale (not shown), it is clear that diffraction and absorption do occur. Nevertheless, we have shown before that plasma generation occur preferentially along the central intensity core. This demonstrates that the robustness of Bessel beams is a key benefit for processing arrays of channel with pitch greater than ∼ 1µm. Below this value, a correct modelling would require to include near field effects.
Conclusion
In conclusion, we have reviewed our work applying femtosecond Bessel beams to laser ablation. Our results demonstrate the fabrication of high-aspect ratio nanochannels in glass using single shot femtosecond Bessel beams, and our simulations allow us to interpret this in terms of the stationarity of the nonlinear pulse propagation and to the robustness of Bessel beams to the presence of obstacles. We anticipate application of Bessel beams in a wide range of nanofabrication technology where high aspect structures are required.
